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We probe the room temperature photoluminescence of N -layer molybdenum ditelluride (MoTe2)
in the continuous wave (cw) regime. The photoluminescence quantum yield of monolayer MoTe2
is three times larger than in bilayer MoTe2 and forty times greater than in the bulk limit. Mono-
and bilayer MoTe2 display almost symmetric emission lines at 1.10 eV and 1.07 eV, respectively,
which predominantly arise from direct radiative recombination of the A exciton. In contrast, N ≥
3-layer MoTe2 exhibits a much reduced photoluminescence quantum yield and a broader, redshifted
and seemingly bimodal photoluminescence spectrum. The low- and high-energy contributions are
attributed to emission from the indirect and direct optical band gaps, respectively. Bulk MoTe2
displays a broad emission line with a dominant contribution at 0.94 eV that is assigned to emission
from the indirect optical band gap. As compared to related systems (such as MoS2, MoSe2, WS2
and WSe2), the smaller energy difference between the monolayer direct optical band gap and the
bulk indirect optical band gap leads to a smoother increase of the photoluminescence quantum
yield as N decreases. In addition, we study the evolution of the photoluminescence intensity in
monolayer MoTe2 as a function of the exciton formation rate Wabs up to 3.6 × 1022 cm−2s−1.
The lineshape of the photoluminescence spectrum remains largely independent of Wabs, whereas
the photoluminescence intensity grows sub-linearly above Wabs ∼ 1021 cm−2s−1. This behavior is
assigned to exciton-exciton annihilation and is well-captured by an elementary rate equation model.
PACS numbers: 78.67.-n, 71.35.Gg, 71.35.-y, 78.55.-m
I. INTRODUCTION
Transition metal dichalcogenides [1] (herein denoted
MX2, where M=Mo, W, Re and X=S, Se, Te) are an ac-
tively investigated class of layered materials, whose basic
electronic, optical and vibrational properties depend crit-
ically on the number of layers N that compose a given
sample [2–6]. N -dependent properties are remarkably
illustrated by the transition from indirect optical band
gap, in the bulk form, to direct optical band gap [7]
at monolayer thickness that occurs in 2Hc Mo- and W-
based semiconducting MX2 [2, 3, 8–11]. Direct optical
band gaps, together with the possibility of achieving val-
ley polarization for resonantly pumped band-edge exci-
tons in monolayer MX2 [12], open original perspectives
for two-dimensional optoelectronics [13] and valleytron-
ics [14].
An interesting direction in this field, consists in ex-
ploring MX2 with smaller optical band gaps (i.e., re-
lated to the formation of tightly bound excitons [15–
23]) than the extensively studied monolayers of MoS2,
MoSe2, WS2, WSe2, whose optical band gaps lie in the
range 1.5 − 2.0 eV [23]. Such endeavors are motivated
by the possibility of achieving gate-controlled ambipo-
lar transport more easily [24, 25] and to extend op-
toelectronic applications of MX2 and related van der
Waals heterostructures [26] into the near-infrared range.
∗ stephane.berciaud@ipcms.unistra.fr
Among possible candidates, N -layer molybdenum ditel-
luride (MoTe2) [6, 24, 25, 27–33], as well as rhenium dis-
elenide (ReSe2) have emerged very recently. While N -
layer ReSe2 crystals exhibit a distorted 1T -phase [34–37]
and are indirect optical band gap semiconductors, irre-
spective of N [35], stable N -layer 2Hc-MoTe2 crystals
have been shown to undergo a transition from indirect
(for bulk MoTe2) to direct (for monolayer MoTe2) opti-
cal band gap [27, 28]. However, the exact value of N at
which the crossover occurs is a matter of debate [28] and
a detailed analysis of the photoluminescence (PL) line-
shape in N -layer MoTe2 is still lacking. In addition, the
evolution of the PL spectrum and integrated PL inten-
sity of monolayer MoTe2 with increasing exciton density
remains unexplored so far.
In this article, we address the room temperature PL
properties of N -layer 2Hc-MoTe2 in the continuous wave
(cw) regime. Our data show that the PL quantum yield
of monolayer MoTe2 is approximately three times (forty
times) larger than that of bilayer (bulk) MoTe2, confirm-
ing the transition from a bulk indirect optical band gap
(giving rise to an emission line at 0.94 eV) to a direct
optical band gap at 1.10 eV [27]. Moreover, an analy-
sis of the PL lineshapes reveals two close-lying contribu-
tions to the PL spectra. For mono- and bilayer MoTe2,
the observation of similar, almost symmetric PL spectra
indicates that the crossover from dominant indirect to
dominant direct band gap emission presumably occurs
between N = 3 and N = 2 at room temperature. For
N = 3 to N = 7 layers MoTe2, the low- and high-energy
PL features are assigned to emission from the indirect
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2and direct optical band gaps, respectively. Finally, the
PL intensity of monolayer MoTe2 levels off with increas-
ing laser intensity (i.e., as the exciton formation rate in-
creases). This non-linear behavior unveils the critical role
of exciton-exciton annihilation in atomically thin MoTe2,
as also reported recently in other MX2 [22, 38–42].
II. METHODS
N -layer crystals of trigonal prismatic (2Hc phase)
MoTe2 (hereafter denoted MoTe2, see Fig. 1(a)) were pre-
pared by mechanical exfoliation of commercially available
bulk crystals (2D semiconductors) onto Si wafers covered
with a 90 nm-thick SiO2 epilayer (see Fig. 1(b)). The
number of layers was first estimated from optical con-
trast and further confirmed by ultralow-frequency micro-
Raman spectroscopy (see Fig. 1(c)-(d)). PL and Raman
spectra were recorded in ambient conditions, both in a
backscattering geometry, using a home-built setup. In
Raman experiments, a combination of one narrow band-
pass filter and two narrow notch filters (Optigrate) was
used in order to attain the low-frequency range of the
spectrum. After optimization, Raman features at fre-
quencies as low as 4.5 cm−1 could be measured (see
Fig. 1(c)). In all experiments, freshly prepared sam-
ples [31] were optically excited using a single longitu-
dinal mode, linearly polarized, 2.33 eV (532 nm) laser
beam focused onto a ≈ 600 nm-diameter spot using a
high numerical aperture objective (NA=0.65). PL spec-
tra in Figs. 2-3 were recorded in the linear regime at
a laser intensity of approximately 1.5 kW/cm2, using a
single monochromator equipped with a 150 grooves/mm
ruled grating coupled to a thermoelectrically cooled two-
dimensional InGaAs array (Princeton Instruments NIR-
vana). Raman spectra were recorded at a laser intensity
of approximately 60 kW/cm2, using the same monochro-
mator equipped with a 2400 grooves/mm holographic
grating, coupled to a two-dimensional liquid nitrogen
cooled charge-coupled device (CCD) array. We have ver-
ified that the higher laser intensities employed for Raman
studies were not damaging our samples.
III. DETERMINATION OF THE NUMBER OF
LAYERS N
Figure 1(c) shows the low-frequency Raman spectra (in
the range 0 − 40 cm−1) of N -layer MoTe2, from N = 1
to N = 7, and of a thick sample (N & 50 layers) con-
sidered as a bulk reference. As previously reported [6],
the low-energy features observed for N ≥ 2 correspond
to interlayer shear (LSM) and breathing (LBM) modes
(see the gray dashed lines in Fig. 1(c)). In bulk MoTe2,
the LBM is silent [43, 44] and only a single peak, as-
signed to the LSM can be observed. The evolution of the
LSM and LBM frequencies with N can be analytically
described by the expression ωk(N) =
ω0√
2
√
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FIG. 1. (a) Side view of the crystal structure of 2Hc-
MoTe2. (b) Optical image of a MoTe2 flake (deposited onto a
Si/SiO2 substrate) containing mono to tetralayer domains.
The boundaries of the various layers are highlighted with
dashed lines. (c) Ultralow-frequency Raman spectra of N = 1
to N = 7 layer MoTe2 and of bulk MoTe2. The asterisk
highlights residual contributions from the exciting laser beam.
(d) Fan diagram of the interlayer shear (Sa, Sb and Sc) and
breathing (Ba, Bb and Bc) modes of MoTe2. Symbols are fre-
quencies extracted from the Raman spectra in (c). The solid
lines are theoretical calculations based on a linear chain model
and the gray dashed line corresponds to the bulk frequency
of the interlayer shear mode.
(with k = 1, ..., N − 1) deduced from a finite linear chain
model [6, 44–47]. Using this expression, the observed
modes were fit using k = N − 1 for the LSM branch (Sa)
and k = 1, 3, 5 for the LBM branches (Ba, Bb and Bc,
respectively), as shown in Fig. 1(d). These fits yield bulk
frequencies ωLSM0 = 26.8 cm
−1 and ωLBM0 = 39.9 cm
−1
in excellent agreement with the results in Ref. [6], fur-
ther confirmed in Refs. [48, 49]. This analysis permits an
unambiguous determination of N .
IV. PL SPECTRA OF N-LAYER MoTe2
Figure 2(a) displays the raw PL spectra of the MoTe2
samples (N = 1 to N = 7 and bulk) previously intro-
duced in Fig. 1. It is well known that interference ef-
fects strongly affect the exciton formation rate, as well
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FIG. 2. (a) Raw and (b) interference-free photoluminescence spectra of N = 1 to N = 7 layer MoTe2 and of bulk MoTe2
deposited on a Si/SiO2 substrate. (c) Average total integrated intensities of the interference-free photoluminescence spectra as
a function of N obtained on three samples (except for N = 5 and N = 6, for which only one sample was studied).
as the Raman [50, 51] and PL [52] response of lay-
ered materials deposited on layered substrates such as
Si/SiO2. In order to take these phenomena into account,
interference-free PL spectra were obtained by normaliz-
ing the raw spectra by the enhancement factor calculated
following Refs. [50, 51] (see Fig. 2(b) and Supplemental
Material [53]). This procedure allows us to compare,
in Fig. 2(c), the interference-free PL quantum yields,
which are proportional to the integrated intensity of the
interference-free PL spectra. Note that the enhancement
factor takes into account the number of layers and is thus
homogeneous to a length. Therefore, the interference-free
PL quantum yields are given per unit length. Moreover
contrary to what was reported in Ref. [29], the PL back-
ground from the Si substrate is negligible in our experi-
ments (see Supplemental Material [53]).
Figure 2(b) displays the interference-free PL spectra.
The PL lineshapes are marginally affected as compared to
the raw spectra, whereas the integrated interference-free
PL intensities are significantly modified. As N increases,
we immediately notice that (i) the integrated PL inten-
sity decreases monotonically and is three (resp. forty)
times smaller in bilayer (resp. bulk) MoTe2 than in the
monolayer limit (see Fig. 2(c)), (ii) the PL peak energy
redshifts from 1.10 eV at monolayer thickness down to
0.94 eV in the bulk limit and (iii) the PL lineshapes are
slightly asymmetric for N = 1, 2 and clearly bimodal for
N ≥ 3. The first two observations are consistent with a
transition from an indirect optical band gap in the bulk
limit to a direct optical band gap for N = 1 [27]. The
increase in PL quantum yield as N decreases is moder-
ate, as compared to recent observations in MoS2, MoSe2,
WS2, and WSe2 [2, 9, 10]. This behavior is due to the
smaller energy difference between the bulk emission from
the indirect optical band gap and the direct optical band
gap. For instance, the latter is approximately 0.6 eV in
MoS2 [2] and 0.5 eV in MoSe2 [9].
V. INDIRECT-TO-DIRECT OPTICAL BAND
GAP CROSSOVER
The exact value of N at which the crossover occurs is
still debated. At room temperature, Ruppert et al. [27]
have suggested a crossover when reaching the monolayer
limit, while at low temperature (4 − 180 K), Lezama
et al. [28] concluded that the crossover occurs between
N = 3 and N = 2. Very recently, at 10 K, Robert
et al. [54] have observed similar PL intensities in mono-
and bilayer MoTe2 and a slightly longer PL decay time
in bilayer MoTe2 than in monolayer MoTe2, suggesting
that PL in bilayer MoTe2 may in part originate from the
direct optical band gap. However, there is no apparent
contradiction between these claims since it is well-known
that temperature might affect the crossover [8]. Here,
we could clearly identify two subfeatures within each PL
spectrum, as illustrated in Fig. 3. We may now wonder
whether these two contributions may be associated with
the direct and indirect optical band gaps. To answer this
question, we have systematically fit the PL spectra with
a double Voigt profile (see Fig. 3) and extracted the high-
(PL+) and low-energy (PL−) contributions. Figure 4 dis-
plays the peak positions PL+max and PL
−
max.
First, the PL spectrum of monolayer MoTe2 exhibits
an almost symmetric lineshape dominated by a rela-
tively narrow PL+ feature with a full width at half max-
imum (FWHM) of approximately 50 meV. The peak po-
sition PL+max matches the energy of the A exciton mea-
sured by room temperature differential reflectance spec-
troscopy by Ruppert et al. [27] (see Fig. 4(a)) and PL+max
is therefore identified as the direct optical band gap en-
ergy. The PL− shoulder is much broader (FWHM of
approximately 100 meV) and has lower integrated inten-
sity than that of the PL+ peak. Assuming that mono-
layer MoTe2 is a direct optical band gap semiconductor,
the PL− feature cannot arise from the indirect optical
band gap. Since the energy difference between the PL±
features is approximately 30 meV (see Fig. 4(b)), the
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FIG. 3. Normalized interference-free photoluminescence spec-
tra of N = 1 to N = 7 layer MoTe2 and of bulk MoTe2. The
spectra are the same as in Fig. 2(b). The data (black open
circles) are fit using the sum of two Voigt profiles (red solid
lines). The green and blue solid lines are the PL− and PL+
features, respectively. The green dotted and blue dash-dotted
lines mark the evolution of the associated peak energies, de-
noted PL−max and PL
+
max, respectively, as a function of the
number of layers.
PL− peak can tentatively be assigned to emission from
charged A excitons (i.e., trions [28, 29]) or to exciton-
phonon sidebands involving coupling of A excitons with
Γ-point optical phonons (whose energies lie in the range
15-35 meV [6, 30]).
Second, the PL spectrum of bilayer MoTe2 is slightly
redshifted (by about 30 meV) with respect to the mono-
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FIG. 4. (a) Energies of the photoluminescence peaks PL−max
(green open circles) and PL+max (blue open circles) as a func-
tion of the number of layers N . The data are extracted from
the fits shown in Fig. 3 and correspond to the same samples
as in Fig. 2(c). Our experimental measurements are com-
pared to the reflectance measurements from Ref. [27] (open
black triangles). (b) Energy difference between the two pho-
toluminescence peaks as a function of the number of layers
N .
layer case, with a normalized PL quantum yield about
three times smaller than that of monolayer MoTe2, sug-
gesting that bilayer MoTe2 is not a direct optical band
gap semiconductor. However, although the bilayer PL
spectrum is appreciably broader than that of the mono-
layer PL spectrum (FWHM of approximately 65 meV),
the spectra are similar. Indeed, PL+max also matches the
energy of the A exciton for N = 2 [27]. In addition, the
PL+ peak is more intense than the PL− peak, and the
energy difference between the peak positions of these two
features remains approximately 30 meV (see Fig. 4), as
in monolayer MoTe2. These observations indicate that
the room temperature PL in mono- and bilayer MoTe2
likely originates from similar mechanisms. However, the
reduced PL quantum yield of bilayer MoTe2 suggests that
the indirect optical band gap is slightly smaller than the
direct optical band gap such that phonon-assisted emis-
sion across the indirect optical band gap may contribute
to the broadening of the PL spectrum in bilayer MoTe2.
Overall, we conclude that emission from the direct optical
band gap dominates the room temperature PL response
of bilayer MoTe2.
Third, the PL spectra of N ≥ 3-layer MoTe2 differ
markedly from the mono- and bilayer cases. We observe
(i) a broad and prominent PL− feature (with a FHWM
5of approximately 100 meV), which, as N increases, pro-
gressively dominates the narrower PL+ feature (with a
FWHM in the range 60-70 meV), and (ii), as N increases,
PL−max downshifts significantly, while PL
+
max remains al-
most constant and very close to the energy of the A ex-
citon absorption line [27]. In the bulk limit, the PL−
peak is centered at 0.94 eV and is followed by a much
fainter feature near 1.03 eV [55]. Thus, the PL+ and PL−
peaks can tentatively be assigned to competing emission
pathways, associated with hot luminescence from the A
exciton and with phonon-assisted emission from the in-
direct excitons, respectively. Note that the PL− peak
is broader than the PL+ peak, presumably due to the
phonons involved in the indirect emission process. Fi-
nally, our conclusions are further confirmed by the fact
that the bulk values of PL+max and PL
−
max are in fair agree-
ment with previous measurements of the bulk direct and
indirect optical band gaps obtained from optical trans-
mission spectroscopy [24].
VI. EXCITON-EXCITON ANNIHILATION IN
MONOLAYER MoTe2
Having introduced monolayer MoTe2 as a direct op-
tical band gap semiconductor with bright near-infrared
emission, we now focus on the influence of the exciton
formation rate Wabs on its PL quantum yield and PL
spectral lineshape under cw laser excitation. Wabs is sim-
ply deduced from the effective absorptance of monolayer
MoTe2 in the air/MoTe2/SiO2/Si layered structure, by
taking into account the size of our tightly focused laser
spot, the absorptance of bare MoTe2 [27] and optical in-
terference effects (see Supplemental Material [53]). For
a laser photon energy of 2.33 eV, we calculated an ab-
sorptance of ≈ 16.5 % for monolayer MoTe2 in our sam-
ple geometry. Assuming that one absorbed photon gives
rise to one exciton, the exciton formation rates investi-
gated here range from Wabs ≈ 1.0× 1019 cm−2 s−1 up to
3.6× 1022 cm−2 s−1.
Figure 5(a,b) shows PL spectra recorded on the same
monolayer for increasing values of Wabs. The spectra
have been normalized by the incoming laser intensity
(i.e., by Wabs) and by the integration time. We clearly
observe a non-linear decrease of the normalized PL inten-
sity that suggests, as shown in Fig. 5(c), that the raw in-
tegrated PL intensity levels off with increasing Wabs. We
have checked that this non-linear behavior was not due to
irreversible photo-induced damage of the sample [31] and
we have observed a very similar sub-linear rise of the PL
intensity on another MoTe2 monolayer (see Supplemental
Material [53]). As illustrated in Fig. 5(b), we notice that
the linewidth of the PL spectra is independent of Wabs
and that the PL spectra downshift very slightly (by only
3 meV) when Wabs reaches 3.6 × 1022 cm−2s−1 (i.e., a
laser intensity of 81 kW/cm2). We may thus conclude
that biexciton emission [56] and photothermally-induced
modifications of the PL spectra can be neglected for the
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FIG. 5. (a) Photoluminescence spectra of a monolayer MoTe2
sample at different exciton formation rates Wabs. The spectra
are normalized using the product of Wabs by the integration
time and vertically offset for clarity. (b) Photoluminescence
spectra of monolayer MoTe2 for three different exciton forma-
tion rates. The spectra have been normalized to unity. (c)
Integrated photoluminescence intensity obtained from the raw
spectra (symbols) as a function of Wabs in monolayer MoTe2.
The solid line corresponds to a fit based on Eq. (2). The error
bars are smaller than the symbol size.
range of exciton densities explored here.
Sub-linear rises of the integrated PL intensity, as ob-
served in Fig. 5(c), have recently been reported in other
MX2 monolayers (such as WSe2 [22, 40, 42], WS2 [22, 41,
42], or MoS2 [42]) and assigned to exciton-exciton anni-
hilation (EEA). EEA has been further evidenced in these
materials (and additionally in MoSe2 [39]) by means of
transient absorption spectroscopy [38, 39, 42] or time-
resolved PL measurements [40, 41], through the observa-
tion of accelerated exciton decays at high exciton den-
sities. In order to further demonstrate our observation
of EEA in monolayer MoTe2, we make use of a simple
rate equation model [42]. The integrated PL intensity
is proportional to the steady state exciton density 〈nx〉.
Assuming, that the time dependence of the exciton den-
sity nx is essentially governed by the interplay between
6exciton formation (at a rate per unit area Wabs), linear
recombination (at a rate Γx) and exciton-exciton annihi-
lation (EEA) (at a rate γeea), one obtains
dnx
dt
= Wabs − Γxnx − γeean2x. (1)
The EEA term in this equation scales quadratically with
nx since the annihilation process involves Coulomb inter-
action between two excitons. The steady state exciton
density is
〈nx〉 = Γx
2γeea
(√
1 +
4γeea
Γ2x
Wabs − 1
)
. (2)
The experimental data in Fig. 5(c) is very well fit
by Eq. (2). From the fit, we extract γeea/Γ
2
x ≈ 1.4 ×
10−21 cm2 s. Assuming a reasonable value of γeea ∼
0.1 cm2 s−1, similar to previous estimates in substrate-
supported MX2 monolayers [38–42], one obtains a linear
exciton recombination rate of Γx ∼ 8.5×109 s−1, that is a
room temperature exciton lifetime of ∼ 120 ps. Although
additional near-infrared time-resolved measurements or
transient absorption studies on monolayer MoTe2 are
needed to separately determine the exact values of γeea
and Γx, our simple analysis provides values that are
in-line with recent room-temperature measurements on
other MX2 [42, 57]. Finally, let us also note that mono-
layer MoTe2 and related systems exhibit EEA rates that
give rise to average exciton decay times similar to those
reported in carbon nanotubes [58, 59] in the non-linear
regime. In addition, EEA in MX2 is much more efficient
than related processes (i.e., Auger recombination) in con-
ventional quantum wells [38, 60, 61]. Highly efficient
EEA between tighly bound excitons [15–22, 62, 63] in
monolayer MX2 reflects the strongly enhanced Coulomb
interactions and reduced dielectric screening in these
atomically thin two-dimensional materials.
VII. CONCLUSION AND OUTLOOK
We have performed a detailed analysis of the
room temperature photoluminescence of N -layer MoTe2.
Monolayer MoTe2 displays a direct optical band gap,
with sharp emission at 1.10 eV. The crossover from a
dominant direct excitonic emission (as observed in mono-
layers) to a dominant phonon-assisted indirect emission
(in the bulk limit) occurs more smoothly than in other
2Hc transition metal dichalcogenides, such as MoS2,
MoSe2, WS2 and WSe2. As a result, the difference be-
tween the bulk indirect optical band gap and the mono-
layer direct optical band gap is found to be only about
160 meV. Our observation of close-lying direct and indi-
rect emission lines invites further calculations of exciton-
phonon coupling in MoTe2 and related systems, in or-
der to correlate the values of the one-particle indirect
band gap to the energy of the emission lines arising
from indirect exciton recombination. Interestingly, in
bilayer MoTe2, the competition between direct and in-
direct emission may be efficiently manipulated by exter-
nal electric fields [64–66], in particular using dual-gated
field effect transistors. In addition, we have unveiled a
sub-linear scaling of the photoluminescence intensity of
monolayer MoTe2 with increasing exciton formation rate,
which can be rationalized using a simple model based on
exciton-exciton annihilation. This model also allowed us
to obtain an order of magnitude estimate for the exci-
ton lifetime in the linear regime that needs to be quan-
titatively confirmed by time-resolved photoluminescence
measurements in the near-infrared range.
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SI 1. HIGH-FREQUENCY RAMAN SPECTRA
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FIG. S1. High-frequency Raman spectra of N = 1 to N = 7 layers MoTe2 and of bulk MoTe2. The spectra are vertically offset
for clarity. The four one-phonon features are labeled and the atomic displacements for the monolayer are indicated with Mo
atoms in blue and Te atoms in grey.
Figure S1 shows the high-frequency range (100− 300 cm−1) of the Raman spectra of Fig. 1(c) in the manuscript.
We observe the four expected one-phonon features assigned to intralayer displacements in 2Hc transition metal
dichalcogenides [6, 67]: (i) the in-plane, out-of-phase vibration of the Te planes, with E1g symmetry in bulk (iX mode
at 120 cm−1), (ii) the out-of-plane, out-of-phase vibration of the Te planes, with A1g symmetry in bulk (oX mode
at 170 cm−1), (iii) the in-plane vibration of the Mo and Te planes against each other, with E2g symmetry in bulk
(iMX mode at 235 cm−1), and (iv) the out-of-plane vibration of the Mo and Te planes against each other, with B2g
symmetry in bulk (oMX mode at 290 cm−1). Note that we discern the Davydov splitting of the oX mode as recently
reported in Refs. [6, 48, 49], confirming the number of layers N deduced from the low-frequency part of the spectra.
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SI 2. LASER SPOT AREA
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FIG. S2. (a) Optical image of the focused laser spot on the surface of a substrate. (b) Two-dimensional fit of the optical image.
Cuts along (c) x0 and (d) y0. The solid lines are the fit to the experimental data (symbols).
In order to measure the area of our laser spot, we recorded an optical image of the tightly focused laser spot on the
surface of a substrate (see Fig. S2(a)). We have then fitted this image with a two-dimensional Gaussian function
f(x, y) = A exp
(
− (x− xo)
2 + (y − yo)2
2σ2
)
, (S1)
where A is the amplitude of the Gaussian, (x0, y0) are the coordinates of the center and σ is the standard deviation
(we assumed that the standard deviation is the same for the two dimensions). On Fig. S2(b)-(d), we observe that the
data are well fitted by this function. Knowing that the surface area is given by 2piσ2, we deduced a laser spot area of
4× 10−9 cm2 that has been used to estimate the exciton formation rate per unit area Wabs in the main manuscript.
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SI 3. INTERFERENCE EFFECTS
It is well-known that interference effects strongly affect optical absorption, as well as the Raman [50, 51] and PL [52]
signal of layered materials. Indeed, multiple reflections at different interfaces (air/MoTe2, MoTe2/SiO2 and SiO2/Si)
can enhance the absorption of the incoming light beam (see Fig. S3 and Fig. S4(a)) as well as the PL (or Raman)
intensity (see Fig. S4(b)) by a factor Fab and Fpl, respectively.
SI 3a. Absorptance of the monolayer MoTe2
We first consider the absorptance of N -layer MoTe2. Due to interference effects in the air/MoTe2/SiO2/Si structure,
the absorptance A (absorbed fraction of incident light) of N -layer MoTe2 is different as compared to the freestanding
case. As it is drawn in Fig. S3, a fraction R (reflectance) of the incident excitation light is reflected, a fraction T
(transmittance) is transmitted into the Si substrate, which is supposed to be semi-infinite (in practice the substrate
only needs to be ticker than a few absorption lengths) and a fraction A is absorbed. Energy conservation imposes [68]
A+R+ T = 1. (S2)
(3) Si 
(2) SiO2 
(1) MoTe2 
(0) Air 
d 
Excitation laser 
d 
SiO2 
R 
T 
A 
FIG. S3. Schematic diagrams of the optical paths in our geometry for a laser photon energy of 2.33 eV. R is the reflectance,
T the transmittance and A the absorptance.
Since SiO2 is supposed to be transparent, the absorptance of N -layer MoTe2 in this structure is directly given by
A = 1 − R − T . R and T can be obtained analytically using an interference calculation [50, 51]. Without changing
drastically the results, we can assume that the light impinges on the sample at normal incidence. In this condition,
the Fresnel coefficients are tij = 2ni/(ni + nj) and rij = (ni − nj)/(ni + nj). n0 = 1 is the refractive index of air
and n1, n2 and n3 are the complex refractive index for MoTe2, SiO2 and Si, respectively. The phase factors are
β1 = 2pin1d/λ and β2 = 2pin2dSiO2/λ where λ is the wavelength of the light in vacuum and d (dSiO2) is the thickness
of MoTe2 (SiO2). Thus, the normal incidence reflectance R and transmittance T are given by [68]
R =
∣∣∣∣r01[1 + r12r23e2iβ2 ] + [r12 + r23e2iβ2 ]e2iβ11 + r12r23e2iβ2 + [r12 + r23e2iβ2 ]r01e2iβ1
∣∣∣∣2 , (S3a)
T =
∣∣∣∣ t01t12t23t32t21t10e2i(β1+β2)(1 + r12r23e2iβ2 + [r12 + r23e2iβ2 ]r01e2iβ1)2
∣∣∣∣ . (S3b)
At a photon energy of 2.33 eV, the refractive index of MoTe2 is n2.33 eV = 4.07+1.63i [69], of SiO2 nSiO2 = 1.4607 [70]
and of Si nSi = 4.14 + 0.045i [71]. For a monolayer MoTe2 of thickness c/2 = 0.6984 nm [72] and a SiO2 layer of
dSiO2 = 90 nm, we calculated an absorptance A ≈ 16.5 %, which is in line with the absorptance of other TMDs
measured on SiO2/Si [9].
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SI 3b. Normalization process
In order to quantitatively compare the PL spectra recorded on N -layer MoTe2, one has to take into account (i) the
response of the setup (grating and camera) and (ii) the optical interference and absorption effects. The response of
the camera is supposed to be flat (it varies by less than 5%) in the spectral range studied here. The response of the
grating is extracted from the data of the manufacturer (Richardson Gratings 53-*-500R).
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FIG. S4. Schematic diagram of the optical paths in our geometry for (a) the excitation laser (at a photon energy of 2.33 eV)
and (b) the emitted light. d is proportional to N .(c) Refractive index of MoTe2, extracted from the measurements in Ref. [24],
as a function of the emission energy. (d) Normalization factor as function of the emission energy.
Following the results reported in Refs. [50, 51], we calculated the enhancement factor for the PL due to the multiple
interference
F =
∫ d
0
|Fab(x)Fpl(x)|2 dx, (S4)
with
Fab = t01
[1 + r12r23e
2iβ2 ]eiβx + [r12 + r23e
2iβ2 ]ei(2β1−βx)
1 + r12r23e2iβ2 + [r12 + r23e2iβ2 ]r01e2iβ1
, (S5a)
Fpl = t10
[1 + r12r23e
2iβ2 ]eiβx + [r12 + r23e
2iβ2 ]ei(2β1−βx)
1 + r12r23e2iβ2 + [r12 + r23e2iβ2 ]r01e2iβ1
, (S5b)
where we used exactly the same notations as previously. βx = 2pin1x/λ with x being the depth of the point where
the interactions occur (see Fig. S4(a)-(b)). Note that the expressions for Fab and Fpl are similar, but the wavelengths
in the phase factors are different.
For the excitation laser, we used the same refractive index as for the absorptance calculations. For the PL, we used
the values extracted from the dielectric function measured in Ref. [24] (see Fig. S4(c)) for MoTe2, and the tabulated
values for SiO2 and Si from Refs. [70] and [71], respectively. We also used d = N × c/2, where c/2 = 0.6984 nm [72]
is the thickness of one layer.
By multiplying the enhancement factors and the grating response, we obtained the normalized factors plotted in
Fig. S4(d). Note that for the bulk, we supposed that MoTe2 is semi-infinite, i.e., there is only one interface, air/MoTe2.
Finally, we divided the PL spectra by the corresponding normalization factor.
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SI 4. PL SPECTRA AT TWO DIFFERENT PHOTON ENERGIES
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FIG. S5. Photoluminescence spectra of a monolayer MoTe2 recorded under the same condition at laser photon energies of
2.33 eV and 1.96 eV. When exciting at 1.96 eV, we observe that the emission energy blueshifts by ≈ 6 meV compared to a
reference spectrum recorded using a laser excitation at 2.33 eV. However, we do not observe significant modifications of the
PL lineshape.
SI 5. PHOTOLUMINESCENCE OF THE SI SUBSTRATE
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FIG. S6. Photoluminescence spectra of a monolayer MoTe2 and of the bare Si/SiO2 substrate recorded at 2.33 eV under a laser
intensity of 6.5 kW cm−2 (corresponding to an exciton formation rate of Wabs ≈ 2.9 × 1021 cm−2 s−1 in monolayer MoTe2).
The emission from the substrate is negligible in our study.
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SI 6. EXCITON-EXCITON ANNIHILATION ON ANOTHER SAMPLE
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FIG. S7. Integrated photoluminescence intensity as a function of the exciton formation rate Wabs for two different monolayer
samples of MoTe2. The gray-filled circles are the same data as Fig. 5(c) in the manuscript (sample 1). The solid red line is
the fit to this data using Eq. (2), as in the manuscript. The raw PL intensity from the second sample (sample 2) has been
multiplied by a factor of 2.4 (open blue squares) to show a clearer comparison with the data from sample 1. The normalized PL
intensity from sample 2 scales very similarly as the PL intensity from sample 1, suggesting similar exiton-exciton annihilation
rates and linear exciton decay rates for both samples. The inset shows the same data at low exciton formation rates Wabs, on
a linear scale. The vertical dashed line indicates the excitation formation rate at which the measurements on N -layer MoTe2
shown in Fig. 2 and 3 of main manuscript have been performed. The error bars are smaller than the symbol size.
